INTRODUCTION
Peptide transport systems mediating the uptake of intact peptides distinct from amino acid uptake are present in bacteria, fungi, plants, and mammalian tissues (for reviews, see Becker and Naider, 1980; Higgins and Payne, 1980; Matthews and Payne, 1980; Payne, 1980; Naider and Becker, 1987) . Peptide transport is a specific biochemical process in which small peptides (<6 amino acids) are transported across a membrane by energy-dependent, saturable carriers. A large number of genes that encode components of oligopeptide transport systems in bacteria have been cloned and sequenced, whereas only two eukaryotic peptide transport genes have been cloned and sequenced (Fei et al., 1994; Perry et al., 1994) .
In the yeast system, peptides are transported with little amino acid side chain specificity but with strong stereospecificity for L-amino acids. At least three genes (PTR7, PTRP, and PTR3) are known to be involved in this process (Island et al., 1991) . Yeast PTR7 and PTR2 mutants are completely peptide-transport deficient as defined by their resistance to toxic dipeptides and lack of uptake of radiolabeled peptide substrates (Island et al., 1991) . PTRP encodes a 601-amino acid residue polypeptide l To whom correspondence should be addressed.
(Ptr2p) with 12 putative hydrophobic segments, and it demonstrates all the previously identified characteristics of peptide transport in yeast (Perry et al., 1994) . A data base search indicated the yeast peptide transporter may be the second protein discovered in a new class of membranebound transport proteins (Tsay et al., 1993; Perry et al., 1994) .
The function of peptide transport is primarily for utilization of peptides as sources of nitrogen and carbon (Becker and Naider, 1980; Matthews and Payne, 1980; Payne, 1980; Adibi, 1987) . However, a few reports have shown peptide transport to be involved in bacterial sporulation (Mathiopoulos et al., 1991; Perego et al., 1991) , chemotaxis in bacteria (Manson et al., 1986) , and recycling of bacterial cell wall peptides (Goodell and Higgins, 1987) . In plants, peptide transport has been demonstrated in isolated scutella from germinating grains of barley, wheat, rice, and maize and postulated to be involved in supplying amino acids, stored in the form of peptides, from the endosperm to the germinating embryo (Higgins and Payne, 1978a; Sopanen et al., 1978; Salmenkallio and Sopanen, 1989) . Peptide transport in germinating barley seeds has been demonstrated with nonhydrolyzable, nonphysiological peptide substrates, which were accumulated intact and against a concentration gradient Higgins and Payne, 1977a, 1977b; Sopanen et al., 1977) . The transport system exhibits saturation kinetics and is inhibited by a range of metabolic inhibitors (Higgins and Payne, 1977b) . A wide variety of peptides has also been shown to be transported intact into the barley embryo and subsequently hydrolyzed intracellularly (Higgins and Payne, 1978a, 1978~) . The plant peptide transport system can transport both dipeptides and tripeptides Higgins and Payne, 1978b) . Two proteins of -66 and 41 kD were initially identified by thiolaffinity labeling as components of the plant peptide transport system in barley grains (Payne and Walker-Smith, 1987) . Subsequently, an additional or similar protein of 54 kD was identified by photoaffinity labeling (Hardy and Payne, 1991) . AHere, we report the isolation and characterization of a plant peptide transport gene cloned by functional complementation of the yeastptr2 mutation. Comparison of DNA sequences indicated that the Arabidopsis nitrate transporter, and the yeast, Arabidopsis, and rabbit small intestine peptide transporters belong to a new family of eukaryotic transport proteins that are distinct from their prokaryotic counterparts.
RESULTS

Complementation of Peptide Uptake
Yeast strains PBlX-9B and PBlX-2AA are unable to grow on minimal medium supplemented with dipeptides containing amino acids to satisfy their leucine, lysine, or histidine auxotrophic requirements. To isolate a plant gene that encodes a peptide transporter, strains PBlX-9B and PBlX-2AA were transformed with an Arabidopsis cDNA library, and the transformants were selected on minimal medium containing the dipeptides His-Leu and Lys-Leu. A total of 21 primary transformants were recovered (15 from PBlX-9B and six from PBlX-2AA). The plasmids isolated from the transformants were reintroduced back into their respective mutant strains and plated on dipeptide medium. Two transformants each from PBlX-9B (designated PTF3 and PTF4) and PBlX-2AA (designated DTFl and DTF2) were able to restore both growth on peptides and peptide transport to the mutants, whereas the other 17 plasmids recovered from the primary screen did not restore growth on peptides when reintroduced into their respective mutants. Notl restriction digest of plasmids pDTF1 and pDTF2 showed a 2.0-kb insert, whereas plasmids pPTF3 and pPTF4 contained a 2.8-kb insert. PBlX-2AA transformed with pDTF1 or pDTF2 did not show sensitivity to toxic peptides, whereas PBlX-2AA transformed with pPTF3 or pPTF4 displayed sensitivity to most toxic peptides tested.
An a-32P-labeled probe consisting of the entire Notl 2.8-kb insert from pPTF4 did not hybridize under low-stringency conditions to uncut or Notl-digested pDTFl or pDTF2 plasmid DNA, indicating that the plasmids isolated from the two different sets of clones did not contain identical inserts. Because the DTF plasmids were not able to restore sensitivity to toxic peptides and pPTF3 demonstrated a vector band twice the expected vector size, these cDNAs were not characterized further. DNA gel blot hybridization to EcoRV-digested Arabidopsis genomic DNA using the 2.8-kb Notl insert of pPTF4 showed one strong hybridization signal around 5.4-kb plus two weaker hybridization bands under high-stringency conditions (data not shown). The 2.8-kb insert from pPTF4 was selected for sequencing and further analysis.
Sequence Analysis of pPTF4
DNA sequence analysis of the insert isolated from pPTF4 showed an 1830-bp open reading frame within the 2799-bp insert. The open reading frame encoded a polypeptide of 610 amino acids (67,510 D) . Hydropathy analysis (Kyte and Doolittle, 1982) showed the predicted protein of Arabidopsis, AtPTR2, to be highly hydrophobic with a number of hydrophobic segments that are candidates for transmembrane domains ( Figure  1 ). A precise model of transmembrane domain topology will require further biochemical evidence. A search of the protein sequence data base using the NCBl BLAST algorithm (Altschul et al., 1990 ) revealed homologies to the yeast peptide transporter Ptr2p (probability high score 654, 52% identity, 68% similarity), the rabbit small intestinal peptide transporter PepT1 (probability high score 140, 29% identity, 53% similarity), and the Arabidopsis nitrate transporter CHLl (probability high score 82, 36% identity, 47% similarity). All other probability scores were less than 50.
Sequence Comparison Analysis
Protein sequences AtPTR2, PtrPp, PepTl, and CHLl were aligned with the Genetics Computer Group (GCG; University of Wisconsin, Madison) program Pileup, and a consensus A plot of the hydrophilic and hydrophobic moments as predicted by Kyte and Doolittle (1982) for the entire AtPTR2 amino acid sequence is presented. Positive numbers indicate hydrophobicity.
sequence was generated with the GCG program Pretty from the pairwise alignment generated with Pileup ( Figure 2 ). The consensus sequence was most conserved in the first and last third of the proteins with a middle portion of the proteins, corresponding to an extra-membrane loop, the least conserved. In general, the greatest areas of sequence consensus correspond to the putative hydrophobic segments, which are presumably the transmembrane domains.
Disc Assay of Ethionine-Containing Peptides
It was shown previously that the peptide transport mutant PBlX-9B is resistant to peptides containing the toxic amino acid analog ethionine (Eth) (Island et al., 1991) , whereas the peptide transport-proficient strain PBlX-2A (his-leu-lys-PTRZC) was sensitive to dipeptides and tripeptides containing this amino acid analog. Transformation of PBlX-9B with pPTF4 harboring the plant peptide transport gene restored sensitivity to the toxic dipeptides alanyl-ethionine (Ala-Eth), Leu-Eth, leucine-m-fluorophenylalanine (Leu-f-Phe), Lys-Ala-Eth, and
Lys-Leu-Eth (Table 1) . None of the strains tested was sensitive to Lys-LeuAla-Eth, Lys-Leu-LeuAla-Eth, Lys-Leu-Leu-Eth, or
Lys-Leu-Leu-Leu-Eth. 60th the yeast and plant peptide transporters expressed in yeast showed similar patterns of sensitivity to toxic peptides.
Peptide Utilization in pPTF4 Transformants
A number of peptides varying in both composition and length were examined for their ability to support growth of the PBlX-9B transformants ( Table 2 ). The mutant PBlX-9B showed no growth on any of the peptides, whereas PBlX-9B transformed with the yeast peptide transport gene showed growth on all peptides except tri-Lys, tetra-Lys, poly-Lys, and Met-Met-Leu. Yeast transformants containing APTRP showed a similar pattern to that containing PTRP, except that these transformants were able to utilize Met-Met-Leu. The peptide transport-proficient yeast strain PBlX-2A does not utilize Met-Met-Leu, indicating that the uptake of this peptide is a result of specificity'conferred by the AtfTRP gene ( Table 2 ). None of the strains was able to utilize peptides longer than three residues. The results indicated that AtPTRP confers transport of both dipep-'' tides and tripeptides with a specificity similar to that of PTRP, with the exception of one peptide tested (Met-Met-Leu).
Radiolabeled Dileucine Uptake in PBlX-98 pPTF4 transformed into the yeast peptide transport mutant PBlX-9B restored 3H-dileucine uptake to wild-type levels (Figure 3) . Uptake of the radiolabeled substrate could be inhibited with 100-fold cold dileucine, whereas 100-fold cold leucine had no effect on the uptake rate of radiolabeled dileucine (data not shown), indicating peptide uptake is not via an amino acid transporter. Uptake rates conferred by the plant peptide transporter were consistent with uptake rates of PBlX-9B transformed with the yeast peptide transporter (Perry et al., 1994). Competition with uptake of 3H-dileucine similar to that observed by Leu-Leu was seen for Ala-Ala, Ala-Ala-Ala, AlaMet, Met-Met-Leu, Met-Met, and Leu-Phe in PBlX-96 transformed with pPTF4.
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Germination Assay
Because it was not possible to isolate intact scutella from seeds as small as Arabidopsis (<1 mm), such as was done with barley grains, peptide transport was characterized by germinating Arabidopsis seeds in the presence of toxic peptides. The term germination, as used here, is defined as the process that begins with imbibition (water uptake by the seed) and ends with the start of elongation of the radicle (Bewley and Black, 1985) .
Ethionine, oxalysine (Oxalys), Ala-Eth, Leu-Eth, and OxalysGly did not inhibit germination of Arabidopsis seeds. In every case, the seeds were able to germinate and grow a root that had clearly penetrated the seed coat. The roots were able to grow 1 to 3 mm before growth was inhibited (data not shown). The addition of competitor peptides Ala-Met and Leu-Met to Ala-Eth and Leu-Eth, respectively, reversed the inhibition of root growth that resulted in the growth of seedlings comparable to the no-peptide controls. Germinating seeds in the presence of oxalysine and oxalysine-containing peptides, whose mechanism of inhibition is different from that of ethionine, showed growth patterns identical to seeds germinated with ethionine and ethionine-containing peptides (data not shown). Adding the amino acids leucine, alanine, and methionine as individual competitors for Leu-Eth or Ala-Eth had no effect on the inhibition of the toxic peptides. The fact that the seeds are able to germinate and initiate root growth in the presente of the toxic peptide suggests that expression of the peptide transporter occurs after germination is complete in Arabidopsis. The ability of nontoxic peptides to compete and reverse this growth inhibition indicates that a peptide transport system is present and functioning early in Arabidopsis root development.
Root Assay
To further asses whether Arabidopsis roots are sensitive to toxic peptides, 4-day-old seedlings were exposed to peptides containing toxic amino acids. In this assay, toxicity is equivalent to growth inhibition. Figures 4A and 4B show the inhibitory effects of Leu-Eth and Ala-Eth on growing Arabidopsis seedlings. Root growth remained inhibited in the presence of Ala-Eth or Leu-Eth plus the following compounds: Met, Ala-Ala, and Ala-Ala-Ala. As in the germination assay, Ala-Met and Leu-Met successfully competed with and reversed the toxicity of LeuEth and Ala-Eth, respectively ( Figures 4D and 4E ). Met-Met was able to reverse the toxicity of both Leu-Eth and Ala-Eth, although less effectively (data not shown). Inhibition of root growth was identical with ethionine or peptides containing ethionine. These results show that Arabidopsis roots retain the ability to take up peptides long after the events of seed germination have occurred.
Expression of AtPTR2 in Arabidopsis Plants
RNA gel blot hybridization of the 2.8-kb insert from pPTF4 to total RNA from Arabidopsis seedlings failed to detect a signal, suggesting that AtPTR2 is expressed at a very low level only in specific tissues or is highly regulated. Therefore, the presence of the AtPTR2 mRNA was measured after first amplifying the transcript using a reverse transcriptase-polymerase chain reaction (RT-PCR). Figure 5 shows that the expression of AtPTR2 occurs in the roots of young Arabidopsis seedlings and is consistent with the results of the germination and root assays. The probe also hybridized to a second band in both total root RNA and genomic DNA, indicating a possible second Arabidopsis seeds were sown on solid Arabidopsis growth media (see Methods). After 4 days growth, filter discs were placed on the agar surface, and 5 jiL of an aqueous solution of dipeptides was applied to the discs. Roots are shown 6 days after the addition of peptides. Hybridization of an a-32 P-dATP-labeled AIPTR2 probe to PCRgenerated products from Arabidopsis genomic DNA (left), total RNA from seedling roots (middle), and plasmid DNA containing the AtPTR2 gene (right) is shown.
gene that cross-hybridizes with the 3' specific AtPTR2 probe. Because the probe is hybridizing to PCR-generated products, it is not possible to determine a size for the mRNA transcript.
DISCUSSION
As a physiological process, peptide uptake represents a basic phenomenon likely to be common to all organisms. The availability of yeast peptide transport mutants has allowed us to begin to dissect the components of the plant peptide transport system by functional complementation of yeast mutants. This strategy has recently been used successfully to clone other plant transport genes (Anderson et al., 1992; Riesmeier et al., 1992; Sentenac et al., 1992; Frommer et al., 1993; Hsu et al., 1993) . The method allows rapid identification of plant genes functionally homologous to yeast genes in well-characterized yeast mutants. Characterization of the plant peptide transport system reveals striking similarities to that of yeast on the physiological as well as the sequence level.
In general, the yeast peptide transport mutant (ptr2) transformed with the Arabidopsis peptide transport cDNA (AIPTR2) is able to grow on dipeptide media and shows sensitivity and specificity to toxic peptides similar to the yeast peptide transport gene (PTR2). AtPTR2 expressed in the yeast ptr2 mutant endows the cell with the ability to take up radiolabeled dileucine to a level comparable to that of the wild type.
The yeast peptide transport mutant transformed with AtPTR2 is not sensitive to any toxic amino acid-containing peptide with a chain length of four residues or longer. This finding is identical to that observed with the yeast peptide transport gene. The specificity conferred by AtPTR2 is most likely a result of a chain length limitation because the tripeptides Lys-Ala-Eth and LysLeu-Eth were toxic to both the wild type and transformants, whereas the longer peptides of similar composition were not toxic to the cells (Table 1) . This confirms earlier reports that peptide uptake by isolated barley scutella was limited to dipeptides and tripeptides Higgins and Payne, 1978b) .
Another similar characteristic shared by the plant and yeast transport systems is the lack of a strict side chain specificity. An exception to the observed broad substrate specificity is the inability of highly basic peptides to be transported. Peptides containing three or more lysines did not support the growth of PB1X-9B transformed with either AtPTR2 or PTR2; this is also consistent with previous work on yeast (Lichliter et al., 1976; Marder et al., 1977) and plants (Higgins and Payne, 1978b, 1978c; Sopanen et al., 1978) .
Whereas there appears to be little side chain specificity for uptake, both systems take up and utilize peptides that, in general, have a hydrophobic character. These peptides contain one or more of the hydrophobic amino acids alanine, leucine, or methionine. In general, this was also the case with yeast and barley (Higgins and Payne, 1978a; Becker and Naider, 1980) . Consistent with this observation, transport of radiolabeled dileucine was inhibited by a number of peptides containing hydrophobic residues (Figure 3 and Results). This also supports earlier work on germinating barley seeds, which showed a strong bias toward transport of peptides composed in part or entirely of hydrophobic residues (Higgins and Payne, 1978a, 1978b; Sopanen et al., 1978) . Furthermore, the hydrophobic peptides Ala-Met, Leu-Met, and Met-Met reversed the growth inhibition of Ala-Eth and Leu-Eth in roots of Arabidopsis seedlings (see Results).
Nontoxic peptides tested for their ability to compete with the ethionine-containing peptides showed differences in their ability to compete in the root versus the radiolabeled uptake assays. Ala-Ala and Ala-Ala-Ala did not reverse the growth inhibition of Ala-Eth or Leu-Eth in root assays; this result was unexpected considering that these peptides competed very effectively with radiolabeled dileucine in the uptake assay. However, this may reflect a difference in expression of AtPTR2 and its functional product in its native genetic background versus that in yeast. There may also be considerable differences in levels of competitor necessary to achieve strong reversal of the toxicity in the seedling assay versus the radiolabeled uptake assay as a result of the different time courses of the assays. Moreover, this difference in competitor specificity may indicate that other factors or components are present in roots versus yeast; these may determine to a greater degree the specificity of which peptides will be transported in plants. Surprisingly, methionine did not reverse the growth inhibition of ethionine or ethioninecontaining peptides. The effect of ethionine in this in vivo assay may be very potent to root growth such that if a small percentage of ethionine is transported, root growth is inhibited. Alternatively, ethionine and methionine may have different transporters in the root and thus transport competition would not occur.
Arabidopsis seedlings germinated under defined growth conditions expressed the AtPTR2 peptide transporter in the roots ( Figure 5 ). In addition, a second hybridization signal, which showed cross-hybridization to a 3' specific probe, was present and may be an additional, related gene, whose presence would be consistent with previous reports identifying at least two and possibly three proteins associated with peptide transport in barley grains (Payne and Walker-Smith, 1987; Hardy and Payne, 1991) .
When toxic peptides were applied to Arabidopsis seedlings in an experiment analogous to the disc assays performed with yeast, peptides containing ethionine as well as ethionine itself inhibited elongation of seedling roots on an agar medium (Figure 4 ). This inhibition did not appear to affect other parts of the plant because the leaves looked comparable to the unaffected controls. Seeds germinated in the presence of peptides containing ethionine and oxalysine as well as ethionine and oxalysine themselves also demonstrated sensitivity to these toxic compounds. The seeds were able to germinate and grow a root 1 to 3 mm in length after which root growth was inhibited. In addition, no AtPTR2 message could be detected in germinating 2-day-old imbibed seeds (data not shown). This suggests that the inhibitory effect of these toxic peptides occurs after germination of the seed and growth of the root primordia. It also indicates that roots are unable to transport peptides immediately upon imbibition and germination; transport occurs later, possibly after the emergence of the root primordia. Thus, inhibition by the toxic peptides may be developmentally dependent and occur after the radicle emerges from the seed, RNA synthesis begins, and the peptide transport system is expressed.
The Arabidopsis peptide transporter exhibits transport characteristics similar to that of the yeast peptide transporter, including transport of peptides with similar chain length and composition as well as inhibition of transport by various competing peptide substrates. Sequence comparison between these two proteins also shows considerable similarity at the amino acid level. Adding the CHLl and the rabbit PepTl sequences to the comparison produced a consensus sequence that shows similarity throughout the length of these proteins ( Figure 2) . As a group, AtPTR2, Ptrep, PepTl, and CHLl are distinct from other groups of proteins from bacteria, yeast, mammals, and plants: these include the ATP binding cassette family of transport proteins, the maltose transport proteins, amino acid transporters, Escherichia coli peptide binding proteins, and the membrane and nonmembrane-bound components of bacterial peptide transporters (H.-Y. Steiner and J.M. Becker, unpublished results).
The function(s) of peptide transport in plants in other t h p a nutritional role, as postulated for barley grains, is not known, although a wide range of peptides and peptide compounds are known to occur in plants (Higgins and Payne, 1980, 1982; Steffens, 1990) . ldentification of AtPTR2 and other peptide transport genes can yield substantial information regarding the role that each of these peptide compounds might play in plants. In addition, the effect of toxic peptides on roots of Arabidopsis seedlings clearly indicates that peptide transport may have functions in plants other than delivery of peptides from the endosperm to the embryo. lsolation of a plant peptide transport gene will make it possible to exploit this system for delivery of toxic or growth-promoting substances to plants in a manner analogous to that postulated for human pathogens (Fickel and Gilvarg, 1973; Higgins, 1987; Becker and Naider, 1994) . Indeed, a number of plant pathogens secrete toxins in the form of peptides (Walton, 1990) , and it is conceivable that modifying the peptide transport system of important crop species could provide the necessary resistance to these pathogens.
METHODS
Bacterla and Yeast Strains
The Escherichia coli strain used was DH5a (supE44 hsdRI7 r e a l gyrA96 thi-1 relAl). The Saccharomyces cerevisiae strains used were S288C (MATa SUC2 mal mel ga12, CUPl), PBIX-9B (MATa ura3-52 leu2-8112 lysl-1 his4-38ptR-2), PBIX-2A (MATa ura352 leu2-3,112 lysl-1 his4-38 PTR2), and PBIX-2AA (MATa ura3-52 leu2-3,112 lysl-1 his4-38 PTRP::L€U2). All yeast strains, except PBIX-PAA, were constructed using standard methods of yeast genetics (Sherman et al., 1986; Perry et al., 1994) . PBIX-99 and PBIX-2A are segregants from sporulated diploids derived from a cross between mutagenized strain S288C and strain X2180-IA (Island et al., 1991) . PBIX-2AA was generated from strain PBIX-2A using a one-step gene disruptionlreplacement strategy (Rothstein, 1983) in which a 653-bp region interna1 to the coding region was deleted and replaced by a 2.0-kb fragment containing the LEU2 gene of yeast (Perry et al., 1994) .
Media and Growth Conditions
Yeast strains S288C, PBIX-9B, PBIX-2A, and PBIX-2AA were routinely maintained on YEPD agar containing (wh) 1% yeast extract, 2% bactopeptone (Difco Laboratories, Detroit, MI), 2% glucose, and 2% agar medium. Experiments with yeast were performed at 30°C in synthetic complete medium (SC) containing yeast nitrogen base (Difco) without amino acids and without ammonium sulfate, with 1 mg of allantoin per mL, 2% glucose, and amino acid supplements (Sherman et al., 1986) . Amino acids were supplied at 0.15 mM unless indicated otherwise. Solid media contained 2% agar or 2% Noble agar in the case of disc assays. E. coli DH5a was routinely maintained on SOB medium (Sambrook et al., 1989) ; transformed DH5a strains were grown on SOB medium plus 100 pglmL ampicillin at 37%.
cDNA Library
An Arabidopsis thaliana (Landsberg erecta ecotype) cDNA library constructed in the yeast/€. coliexpression vector pFL61 (Minet et al., 1992) was obtained from M. Minet 
Yeast Transformatlon and Selection
Yeast strains PBlX-9B and PBlX-2AA were transformed with the Arabidopsis cDNA library (Gietz et al., 1992) , and transformants were selected on SC medium supplemented with L-leucine, L-lysine, and L-histidine (100 pM), washed from plates with sterile distilled H20, and replated on dipeptide medium (SC plus 80 pM His-Leu and 80 pM Lys-Leu in place of the required amino acids leucine, lysine, and histidine). To show that the peptide transport phenotype was plasmid borne, transformants were subcultured in nonselective, liquid YEPD medium for 5 days and plated on solid YEPD medium to isolate individual colonies. For each transformant, 10 colonies were picked at random and resuspended in sterile H20 at 2 x 107 cells per mL and then spotted simultaneously (5 pL) on both SC minus uracil and dipeptide medium and scored for growth. Loss of the ability to grow on medium without uracil was always concomitant with loss of ability to grow on peptides as a source of required amino acids. Plasmid DNA was isolated and reintroduced into both PBlX-98 and PBlX-2AA. Only plasmids able to restore the growth of the mutants on dipeptide medium were further analyzed by restriction and DNA gel blot analyses.
DNA Gel Blot Analysls
High molecular weight genomic DNA was isolated from young seedlings using a cetyltrimethylammonium bromide nucleic acid extraction procedure ( Rogers and Bendich, 1985) . Genomic DNA (10 pg per lane) was completely digested with EcoRV and Pstl at'37OC for 22 hr and subjected to electrophoresis in 1% (wh) agarose. Following depurination (0.25 N HCI at 25OC for 30 min), denaturation (0.5 M sodium hydroxide and 1.5 M sodium chloride), and neutralization (1 M Tris-CI and 1.5 M NaCI, pH 8.0) of DNA within the gel, genomic DNA was transferred to nitrocellulose membrane by vacuum blotting using 10 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate) solution. The membranes were probed with a nick-translated, 32P-labeled 2.8-kb Notl restriction fragment from pPTF4 consisting of the entire open reading frame of the Arabidopsis peptide transporter (AtfTR2) gene. Hybridization was at 42OC, and blots were washed twice at 65OC in 1 x SSC and 0.1% SDS for 30 min and twice in 0.1 x SSC and 0.1% SDS for 30 min and then exposed to Kodak X-OMAT AR film.
DNA Sequencing and Analysis
Sequences on both strands were determined by the dideoxy chain termination method (Sanger et al., 1977) using Sequenase version 2.0 (United States Biochemicals). A Ndl, 2Bkb cDNA fragment was cloned into pBluescript II SK-(Stratagene). An Exolll-mung bean deletion kit (Stratagene) was used to generate a deletion series of the fragment. Double-stranded template DNA was sequenced using T3 and M13 primes. Standard molecular techniques, unless dherwise stated, were performed according to Sarpbrook et al. (1989) .
Nucleotide and amino acid sequence analysis was done with the Genetics Computer Group (GCG, Madison, WI) sequence analysis software package (Devereux et al., 1984) , and data base searches were performed with the NCBl BLAST algorithm search program (Altschul et al., 1990) . Multiple sequence alignments were constructed with the prcgram Pileup in the sequence analysis software package of the GCG.
A consensus sequence was generated by the GCG program Pretty using the output from Pileup. The consensus was generated ata minimum plurality of 2.00.
The following data bases were used in the searches and comparisons: GenBank, release 78.0; EMBL (modified), release 35.0; and Swiss-Prot, release 26.0.
Growth on Peptlde Substrates
The yeast peptide transport mutant PBlX-9B and deletion strain PBlX-2AA transformed with Arabidopsis cDNAs were grown on various peptides to assess the specificity of the plant peptide transporter. In addition, untransformed PBlX-98, PBlX-9B transformed with plasmid pJP9 encoding the yeast peptide transport gene (Perry et al., 1994) , PBlX-2AA and PBlX-2A, and the fTR2+ parenta1 strain to the PBlX-2AA strain were also assayed. Each strain was grown overnight in SC medium with amino acids plus uracil (nontransformed) or minus uracil (transformed) plus amino acids to stationary phase and harvested by centrifugation, washed twice with sterile distilled H20, and resuspended at 5 x 106 cells per mL. Five microliters of each suspension was applied as a small spot to a 2-mL volume of solid medium in a 24-well plate and incubated at 3OoC for 72 hr. Growth was scored as uniform colony formation compared to negative controls that showed no growth. The medium for each assay consisted of SC medium plus or minus uracil supplemented with 80 pM of a specific peptide and auxotrophic requirements minus the amino acid components of the added peptide.
Disc Assays
Sensitivity to toxic amino acids and peptides was measured as described previously (Island et al., 1987) . Briefly, a filter disc containing 0.38 pmol of the toxic compound was placed on a lawn containing 5 x 106 cells, and the plate was incubated at 3OoC for 1 to 2 days. Resulting halos were measured across their diameter.
Transport Assays
Uptake of ~-leucyl-~-~H-leucine was performed as previously described (Island et al., 1987) . Uptake is expressed as nanomoles per milligram dry weight. All competitors were supplied at 10-fold molar excess, except for dileucine, which was supplied at 100-fold excess.
Reverse Transcription-Polymerase Chaln Reaction
Expression of AtfTR2 was determined by reverse transcription-polymerase chain reaction (RT-PCR). Reverse transcription and PCR were performed as described previously (Sambrook et al., 1989) . Total RNA (10 pg) from roots of 2-week-old Arabidopsis seedlings grown on Arabidopsis growth medium (Kranz and Kirchheim, 1987) under sterile conditions was pretreated with RNase-free DNase (Promega) and reverse transcribed with moloney murine leukemiavirus reverse transcriptase (United States Biochemicals) using an oligo(dT) primer. The first-strand synthesized cDNA (treated with RNase A) was amplified by PCR (94OC, 1 min; 55OC, 1.5 min; 7PC, 1.5 min; 30 cycles) by Taq polymerase (Promega). The primers used are as follows: an upstream primer starting at base 1975,5%CTTCCATGATTTACGCTGC3'(20mer) and a downstream primer starting at base 2528, SGGCCATCCGCAA-ATACG-5' (17mer). These primers generate a 569-bp fragment of the AtPTRP cDNA. The amplified DNAs were electrophoresed and transferred to nitrocellulose filters. The filters were probed with an a-32P-labeled, 720-bp BamHI-Notl DNA fragment from plasmid pPTF4. The blots were exposed to autoradiographic film at -8OOC for 24 hr.
Germlnation Assay
Tento 15 Arabidopsis seeds were placed on 2 mLof solid Arabidopsis growth medium per well in a24-well plate. Each well was supplemented with 0.19 pmol of toxic amino acid analog or toxic peptide, which is five times the minimum inhibitory concentration (MIC, see below). Competitor peptides were added at 20-fold concentration. The plates were incubated at 3OOC in the light for 5 days and then scored for germination.
Root Assay
Approximately 15 Arabidopsis seeds were placed in a row at one end of a 10-cm plate containing 20 mL of Arabidopsis growth medium. The seeds were incubated 3 to 5 days in the light with the plate set in an upright position with aluminum foi1 covering the bottom two-thirds of the plate. When the roots were 4 to 2 cm long, sterile filter paper discs were placed immediately in front of the root tips on the right and left side of the plate 2 cm from the edge. A line was drawn across the plate using the top of the discs as a guide marking zero growth. Five microliters of toxic amino acid analog, toxic peptide, or toxic peptide plus competitor was added to one disc while H 2 0 was placed on the other disc. The plates were incubated for an additional 3 to 5 days. The average length of the roots was measured from the lhe.
In both the germination and root assays, the minimum inhibitory concentrations of the toxic amino acid analog and toxic peptides were measured with decreasing concentrations of compound and assayed as described as above. The toxic amino acid analogs used in both assays were ethionine (Island et al., 1991; Perry et al., 1994) , m-fluorophenylalanine (Kingsbury et al., 1983) , and oxalysine (Basrai et al., 1992; Perry et al., 1994) . The MIC for Ala-ethionine (Eth), Leu-Eth, and oxalysine (0xalys)-Gly was 38 nmol for both seeds and seedlings, whereas ethionine and oxalysine inhibited root growth of germinated Arabidopsis seeds and root elongation of seedlings, at 3.8 nmol (data not shown). m-Fluorophenylalanine showed no inhibition in either assay.
Synthesis of ~-leucyl-~-3H-Leucine Tritluoroacetic Acid and Toxic Dipeptides
~-leucyl-~-3H-leucine trifluoroacetic acid and toxic peptides were synthesized by standard solution phase techniques as described previously (Naider et al., 1974) .
Chemicals and Reagents
All nontoxic peptides were purchased from Sigma or Bachem BioSciences, Inc. (Philadelphia, PA).
GenBank Accession Number
Sequence data has been submitted to GenBank as accession number UO1171.
